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Membrane protein denaturationMembrane proteins constitute a signiﬁcant fraction of the proteome and are important drug targets. While
the transmembrane (TM) segments of these proteins are primarily composed of hydrophobic residues, the
inclusion of polar residues—either naturally occurring or as a consequence of a disease-related mutation—
places a signiﬁcant folding burden in this environment, potentially impacting bilayer insertion and/or asso-
ciation of neighboring TM helices. Here we investigate the role of an anionic detergent, sodium
dodecylsulfate (SDS), and a zwitterionic detergent, dodecylphosphocholine (DPC), in the folding process,
and the effects induced by a single polar substitution, on structure and topology of model α-helical TM
segments. The peptides, represented by KK-YAAAIAAIAWAXAAIAAAIAA-KKK-NH2, where X is I or N, are
designed with high aqueous solubilities, through poly-lysine tags. Circular dichroism (CD) and NMR were
used to monitor peptide secondary structure and diffusional mobility of both peptide and the detergent
hosts. For both peptides, SDS binding commenced at a concentration below its CMC, due to Coulombic attrac-
tion of anionic SDS to cationic Lys residues. Increasing SDS binding correlated with increasing peptide
helicity. Pulsed ﬁeld gradient (PFG) NMR diffusion measurements revealed that the Asn-containing peptide
bound four fewer detergent molecules, corresponding to ca. 20% less SDS than bound by the Ile peptide.
Conversely, zwitterionic DPC binding to either peptide was not observed until the DPC concentration
approached its CMC. Our ﬁndings conﬁrm quantitatively that a single polar residue within a TM segment
may have a signiﬁcant inﬂuence on its local membrane environment.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Nearly one third of the human proteome is represented by trans-
membrane proteins, which also encompass the majority of drug
targets [1,2]. Membrane proteins represent a diverse class of biomole-
cules essential for a number of biological processes, such as solute trans-
port, signal transduction, ion conductance, enzymatic catalysis, and
membrane structural integrity [3]. In accordance with their pivotal
roles in cellular function, the misfolding of these proteins has beente; AI5, model transmembrane
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rights reserved.implicated in a broad range of disease states, such as Alzheimer's and
prion diseases [4], GPCR-related diseases such as retinitis pigmentosa
[5,6], cystic ﬁbrosis [7–9] and cancer [10]. In comparison to water-
soluble proteins however, much less is known about the folding process
of membrane-spanning protein domains. This is, in large part, due to
the complexities of the folding environment of a lipid bilayer, which
consists of a wide variety of species and features distinct gradients
of molecular order, pH, electric ﬁeld, and hydrophobicity [11]. The
two-stagemembrane protein foldingmodel provides a thermodynamic
framework in whichmembrane domain folding is conceptually divided
into two energetically distinct steps [12,13]. In the initial stage of
folding, individual TM helices are inserted into the bilayer. This is
followed by association of TM helices within the membrane, leading
to the adoption of the native tertiary structure. In both such stages,
the presence of lipids differentiates the process from soluble protein
folding. Bilayer insertion in vivo of transmembrane (TM) domains
typically occurs co-translationally and is mediated by an integral mem-
brane protein complex termed the translocon. The translocon is
hypothesized to function by providing nascent TM segments the oppor-
tunity to interact with the lipid bilayer during translation [14]. Lipids
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precise interhelical associations are established [15]. Although there is
no classical hydrophobic effect in a membrane as a main driving force
behind initial clustering of non-polar side chains, the overall energetics
of hydrophobic residue packing are similar in both water-soluble and
membrane proteins [16], and a preference for TM–TM versus lipid–
TM interactions will contribute to relative strength of TM segment
association in some instances [17,18].
Importantly, residues in natural TM segments are not uniformly
hydrophobic. Polar amino acids constitute 20% of residues in TM
helices of membrane proteins, where they may stabilize speciﬁc
interhelical associations through hydrogen bonds or salt links often
via complementary geometries [19–22]. While such interactions are
important in establishing the correct fold of many polytopic alpha
helical membrane proteins, non-polar to polar mutations are com-
mon in phenotypic disease mutations [23,24], and have been shown
to have major effects on biological processes such as TM segment
bilayer insertion [25,26], and TM segment association [27–29]. To
date, understanding of such phenomena at a molecular level has
been guided primarily by molecular dynamic simulations, since
the experimental details of the TM insertion process and the accom-
panying changes in local lipid bilayer structure are not readily
captured by most biophysical techniques [25,30].
Detergent micelles are excellent model systems for studying the
role of the membrane in facilitating TM insertion and folding [31].
Even “harsh” detergents, such as SDS, have been used to preserve
aspects of native tertiary and quaternary structure of some mem-
brane proteins [32–34], while for others SDS acts as a denaturant
leading to unfolding [35–37]. We have recently demonstrated that
the interaction between SDS and TM segments is highly dependent
upon the sequence of the segment, and in a number of cases produces
folding representative of that found in native bilayers [38,39]. In these
studies, it has been found that the addition of a single polar residue in
an otherwise hydrophobic sequence can propagate potentially drastic
changes in local folding patterns in detergents. Because these changes
appear to be largely representative of those that occur in lipid bilayer
environments, detergent micelles represent an experimentally acces-
sible system by which to explore the intricate details of the peptide–
amphiphile interaction. Furthermore, by engineering the TM segment
such that the peptide is endowed with polar residues at the N- and
C-termini, the segment is made soluble in the absence of detergent
and it becomes possible to explore the peptide insertion and folding
process as a function of detergent concentration.
In the present work, we employ circular dichroism (CD) and
pulsed ﬁeld gradient (PFG) NMR diffusion measurements to investi-
gate the relationship between detergent loading levels and TM
peptide conformation, topology, and detergent–peptide aggregate
size. Two model TM segments are investigated: one with, and one
without, a central polar residue. Both peptides are characterized
in the absence of detergent, at low detergent concentrations, and
under detergent saturating conditions. Two contrasting detergents
are employed in this study: sodium dodecylsulfate (SDS) (anionic)
and dodecylphosphocholine (DPC) (zwitterionic). Our results delineate
important differences in the interaction of the TM peptides with these
two detergents, and provide a quantitative measure of the effects of
local lipid interactionswhen a central polar residue is present in an oth-
erwise hydrophobic TM segment.
2. Materials and methods
2.1. Materials
Sodium cyanoborohydride (95%), sodium dodecylsulfate (>99%),
and peptide cleavage cocktail components (triﬂuoroacetic acid, buffer-
saturated phenol and triisopropylsilane) were purchased from Sigma
Aldrich (Mississauga, ON, Canada), while formaldehyde (20% w/w inD2O) and deuterium oxide (99.9%) were purchased from Cambridge
Isotope Laboratories Inc. (Andover, MA, USA). Dodecylphosphocholine
(>99%)was obtained fromAvanti Polar Lipids, Inc. (Alabaster, Alabama,
USA). Solvents used in peptide synthesis and puriﬁcation were
purchased from Caledon Laboratory Chemicals (Georgetown, ON,
Canada) in either peptide or HPLC grade. Low load polyamine linker—
polyethylene glycol–polystyrene resin was purchased from Applied
Biosystems (Foster City, CA, USA). Fmoc amino acids (>98%), and
HATU (>99%)were purchased fromGL Biochem Ltd. (Shanghai, China).
2.2. Peptide synthesis and puriﬁcation
Peptides (containing an amidated C-terminus) were produced and
puriﬁed using standard solid state synthesis methods as previously de-
scribed [38]. Peptide identity was conﬁrmed using mass spectrometry.
Following puriﬁcation, peptides were re-suspended in ddH2O and
stored at−20 °C. Peptide concentrationswere determined using quan-
titative amino acid analysis of SDS solubilized samples performedby the
Advanced Protein Technology Centre at the Hospital for Sick Children
(Toronto, ON).
2.3. Peptide lysine methylation
Puriﬁed peptides weremethylated by reductive amination. An aque-
ous solution of peptide (95 μM, 0.5 μmol, Milli-Q H2O)was reactedwith
formaldehyde (28 μmol) for 2 h. Sodium cyanoborohydride (70 μmol)
was then added and the mixture left for 6 h. Upon methylation, the
peptides precipitated from the buffer solution, but were redissolved by
addition of 95% acetonitrile (ACN), with 0.1% triﬂuoroacetic acid,
to make an approximately 50/50 ACN/water mixture. This solution
was then further diluted to ~20% ACN, and the methylated peptides
were puriﬁed once again using a Jupiter C4 300 Å semiprep column
(Phenomenex), after which they were lyophilized.
2.4. Circular dichroism spectroscopy
2 mL samples were prepared containing 50 mM phosphate buffer,
pH=8, and 10–30 μM peptide. Samples were maintained at 25 °C
and stirred throughout the course of the experiment. Titrations were
performed by adding aliquots of detergent-containing buffer (with
between 10 and 200 mM SDS or DPC), while monitoring the CD signal
at 222 nm (an indicator of helical structure), in a 1 cm path length
cuvette using a Jasco J-810 circular dichroism spectropolarimeter.
Samples were allowed to equilibrate between titration aliquot addi-
tions, until the signal at 222 nm ceased to change, typically requiring
amaximumof 5 min. This period of timewas sufﬁcient to reach equilib-
rium between titration points, unless otherwise speciﬁed (notably for
the resolubilization in SDS following precipitation—see Results). The
CMC of SDS and DPC were determined using 1-anilino-8-naphthalene
sulfonate (ANS) ﬂuorescence by standard methodology (Fig. S1) [40].
The midpoint of the ﬁrst CD transition, characterized by decreasing
helicity, was taken as the detergent concentration where ellipticity at
222 nm was reduced to half the value obtained in water. Similarly,
the midpoint of the second transition, characterized by increasing
helicity, was taken as the inﬂection points of the CD curves. See
Results for a further description of these transitions. At selected deter-
gent concentrations, CD spectra were recorded from 190 to 250 nm.
At each point, mean residue ellipticity (MRE [deg cm2dmol−1]) at
222 nm was calculated based upon the concentration of the peptide,
corrected for dilution.
2.5. NMR sample preparation and detergent titration of peptides
All NMRsampleswere prepared in buffereddeuteriumoxide (99.9%,
50 mM phosphate, pH=8). The peptide samples were initially incu-
bated overnight with detergent to allow complete solubilization of the
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Shigemi NMR tubes to reach the concentrations needed in the titration
series. These samples were allowed a minimum of approximately
10 min equilibration time before the diffusion experiments were
conducted.
2.6. Diffusion NMR spectroscopy
All NMRdiffusion experimentswere conducted on aVarianUnity 600
spectrometer operating at a 1H resonance frequency of 600.34 MHz
using an HCN cryogenic probe (Agilent Inc., Santa Clara, CA). The pulsed
ﬁeld gradient stimulated echo (PFG STE) sequence was used to obtain
diffusion coefﬁcients [41,42]. Typically, the 90° pulse length was 8 μs,
the spectral widthwas 10 kHz, the spin echo delaywas 7 ms, themixing
delay was 40–130 ms, the recycle delay was 2 s, the acquisition time
was 0.5 s, and the number of transients was equal to a multiple of 16,
sufﬁcient to complete the phase cycle [43]. The gradient pulse duration
was 5 ms and the gradient amplitude was arrayed over 10–15 values.
The maximum gradient strength of 250 G/cm was calibrated from
the known diffusion coefﬁcient of a 90:10 D2O:H2O solution (D=
1.935×10−9 m2 s−1) [44]. The arrayed gradient amplitudes were
chosen to achieve a 90% decrease in the detergent peak intensity over
the range of gradients. Intensity decays of roughly 60% were attained
for peptide resonances due to signal-to-noise limitations. An exponential
apodization, usually equivalent to 1 Hz line broadening, was applied to
the data set prior to Fourier transformation.
Diffusion coefﬁcients were extracted from diffusion intensity de-
cays by ﬁtting to the following equation [42],
I
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Fig. 1. (A) Sequences of the twomodel transmembrane peptides: AI5 has a central Ile,while I12
concentrations of SDS. (C) Helical induction, as monitored by mean residue ellipticity (MRE)
function of SDS concentration. All MRE values are normalized to maximum values. The CMC of
transition is indicatedwith a dashed black line for AI5 (1478 μMwith a standard deviation of 61
101 μM). A decrease in normalizedMRE is initially observed following addition of SDS, due to pe
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data points in the SDS concentration range of 200–900 μMwere not in thermodynamic equilib3. Results
3.1. Structural changes of transmembrane segments induced by sub-micellar
detergent
To elucidate how polar residues alter TM segment interactions
with detergents, we synthesized two model transmembrane peptides
that were identical with the exception that a central Ile residue (wild
type sequence, termed AI5, as shown in Fig. 1A) was replaced with an
Asn in the latter case (sequence termed I12N). The substitution of
such a hydrophobic residue for a polar one in this model peptide
has been previously shown to drastically alter the peptide's interac-
tion with SDS, likely attributable to a loss of local detergent binding
surrounding the polar residue [39]. Five Lys residues have been
included ﬂanking the hydrophobic cores of these peptides, thus
allowing for aqueous solubility [45] and giving the peptides a net
charge of +6 at neutral pH.
We ﬁrst monitored the detergent titration of these peptides using
CD spectroscopy to assess any changes in secondary structure
induced by the detergent. In aqueous buffer, both peptides adopted
residual helical structure, as evidenced by minima at 208 and
222 nm (shown for AI5 in Fig. 1B—0 μM SDS). Initial additions of
SDS to both peptides led to a sharp drop in the apparent helicity
(Fig. 1C), as monitored by mean residue ellipticity at 222 nm, and
reduced the clarity of the solution, both of which were indicative of
precipitation (Fig. 1B—240 μM SDS). After a loss of ~50% helicity,
the precipitation proceeded very slowly and equilibration was not
achieved between titrations. Subsequent additions of SDS did not
change the CD signal, which remained at baseline levels until SDS
concentrations reached 600–800 μM. At this concentration, further
addition of detergent resulted in the return of a helical CD spectrum
along with a reduction and eventual disappearance of turbidity in
the solution (Fig. 1B—900 μM SDS). This resolubilization process
occurred over a long period of time and reached equilibrium (as mea-
sured by the time invariance of the CD signal) after overnight incuba-
tion. Following resolubilization, successive detergent additions led
to a progressively steeper increase in helicity, with respect to SDS[SDS] (μM)
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observed at SDS concentrations exceeding ~1800 μM as evidenced
by Fig. 1B. Thus, all changes in secondary structure occurred below
the SDS critical micelle concentration of 1900 μM. Similar CD spectral
trends were also noted for the titration of the I12N peptide with SDS
(Fig. S2). Following titration, the maximum mean residue molar
ellipticities (MRE) at 222 nm for the AI5 and I17N peptides were
found to be an average of −36,000±2000 and −36,000±5000 deg
cm2dmol−1 respectively. This level of ellipticity is consistent with a
fully helical structure for both peptides [46].
Representative titration curves are shown in Fig. 1C for AI5 and the
polar variant with a central Ile-to-Asn substitution (I12N). By plotting
the peptide helicity (at 222 nm) as a function of SDS concentration
we are able to assess the detergent concentrations where either precip-
itation or folding occurs. For both peptides, the initial precipitation
occurred at similar SDS concentrations (160±30 μM for the AI5
peptide, and 180±20 μM for the I12N variant as seen in Fig. 1C). The
folding transition that occurred following resolubilization was sigmoi-
dal for both peptides, suggesting a cooperative process. The inﬂection
point of this transition occurred, on average, at an SDS concentration
of 1480±60 μM for AI5, but at a signiﬁcantly (pb0.01) lower concen-
tration of 1130±140 μM for the I12N segment.
CD measurements of both peptides were also performed as a
function of SDS concentration with differing concentrations of peptide.
The midpoints of both the precipitation and folding transition were
found to be dependent on peptide concentration, shifting to higher con-
centrations as the peptide concentration was increased, implying that
these events are a consequence of detergent loading onto the peptides,0
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Error bars represent the standard deviation.rather than a “salting-out” or indirect solvent effects (Fig. 2A, B). When
assessed in terms of detergent-to-peptide ratio, the precipitation transi-
tion occurred—for all peptide concentrations—at a ratio of ~6:1 for both
peptides indicating that this ratio corresponds to a saturation number of
detergentmolecules that are tightly boundwith a lower than μMdisso-
ciation constant (Fig. 2C). This strong peptide–detergent interaction at
low SDS concentrations is most likelymediated by electrostatic interac-
tions of the detergent head groupwith Lys residues and theN-terminus.
This charge neutralization leads to peptide precipitation. In contrast, the
folding transition that occurs at a higher SDS concentration was found
to shift to a lower detergent-to-peptide ratio as the peptide concentra-
tion was increased (Fig. 2D). The shift in ratio indicates that this deter-
gent binding is a separate binding event (than that which occurs at
lower detergent concentrations) and is weaker in nature. These overall
results are consistent with those obtained from titration of water-
soluble proteins with SDS where there is initial binding to “speciﬁc
high-energy sites” on the peptide, followed at high detergent concen-
trations by a cooperative detergent binding event that induces
unfolding [37,47]. The observed shifts may also be due, in part, to
weakpeptide–peptide interactions,which, as the peptide concentration
increases, offer greater competition for the peptide–detergent interac-
tions occurring in this concentration regime.
Upon titration with DPC (Fig. 3, CD spectra in Fig. S3), the peptides
behaved quite differently. There was no major decrease in CD due to
electrostatic neutralization of the peptide-solubilizing, charged amino
groups by DPC. More importantly, at detergent concentrations below
the CMC of DPC (1100 μM—determined by ANS ﬂuorescence under
identical buffer conditions) there are minimal changes in peptide0
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secondary structure. The inﬂection point of this process is indistin-
guishable between the two peptides (p=0.6), occurring at a deter-
gent concentration of 1200±80 μM for the AI5 peptide, and at a
concentration of 1040±80 μM for the I12N polar variant. The lack
of signiﬁcant helix induction below the CMC indicates that for DPC,
detergent monomers do not lead to folding, but that, instead, adop-
tion of a TM helix requires the presence of detergent micelles.
The folding transition is also much broader in comparison to that
observed in SDS. This is consistent with helix induction occurring
upon partitioning into DPC micelles, where the total concentration
of micelles is a limiting factor. Following titration, the maximum
mean residue molar ellipticities (MRE) at 222 nm were found
to be an average of −30,000±1000 (84% helical content) deg
cm2dmol−1 and −36,000±3000 (100% helical content) for the AI5
and I12N peptides respectively. The decreased helical content in the
AI5 peptide is likely indicative of some small fraction of the peptide
not inserted into DPC micelles at the detergent concentration where
titration was stopped.
3.2. Detergent diffusion in the absence of peptides
As free detergent, detergent-only micelles, and peptide–detergent
complexes each differ in size, diffusion would be a productive manner
for monitoring detergent phases, where diffusion coefﬁcients can be
obtained using PFG NMR diffusion spectroscopy. Key to such studies
is the ability to simultaneously monitor both peptide and detergent
signal by NMR. However, the 1H peptide signals were observed to
be signiﬁcantly broader and weaker than those of the detergents. By
tagging the N-terminal amine and lysine ε-amino groups with two
methyl groups each, we were able to achieve sufﬁcient sensitivity of
both peptide and detergent in the PFG NMR diffusion spectroscopy
experiments. While the use of deuterated detergents would likely
allow us to observe the 1H peptide signals at higher detergent
concentrations, a key element of the experimental design was to be
able to monitor both peptide and detergent peaks simultaneously
allowing for us to calculate the amount of detergent bound per
peptide (see Section 3.3 below). While leaving overall charge
unchanged, the methyl tagging procedure, however, reduced the
aqueous solubility of both peptides, and did not allow us to perform
the titration at the lowest detergent concentrations, but rather at a
minimum detergent concentration where the methyl-tagged peptide0
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Fig. 3. Helical induction of model TM segments by DPC. Helical induction (as moni-
tored by mean residue ellipticity (MRE) at 222 nm) of the AI5 peptide (30 μM—solid
circles) and I12N variant (30 μM—open circles) upon addition of DPC. All MRE values
are normalized to maximum values. The CMC of DPC (1100 μM) is indicated as a
solid black line, while the folding transition for the AI5 and I17N points is indicated
by dashed black and gray lines respectively.samples were free of visible aggregates. Furthermore, as measured
by CD, methylation did not signiﬁcantly alter the helical structure
of these peptides (Fig. S4). A sample 1H NMR spectrum of such a
methylated peptide in SDS is shown in Fig. 4A, where the peptide
methyl resonances are visible at 2.72 ppm. As shown in Fig. 4B, diffu-
sion spin echo decays were obtained for all species (water, SDS, and
peptide), where the linear decays imply either a single state or fast
exchange among multiple states. The observed diffusion coefﬁcient
for SDS, obtained by ﬁtting Eq. (1) to data such as that shown in
Fig. 4B, would therefore correspond to a weighted average of all diffu-
sion coefﬁcients in the various detergent states.
As a requisite preliminary experiment, we ﬁrst measured the
diffusion of SDS and DPC as a function of concentration in the absence
of peptides, the results of which are shown in Fig. 5 (black circles). At
low concentrations of SDS, the observed diffusion coefﬁcient was
~4.5×10−10m2 s−1, close to previous measurements of the SDS
monomer that were conducted under slightly different experimental
conditions [48,49]. The SDS diffusion coefﬁcient decreased with
increasing concentration even below its CMC of 1900 μM, an effect
possibly indicative of the presence of “pre-micelle” detergent aggre-
gates. We note that in these measurements the diffusion coefﬁcient
of water remained essentially constant, both in this and subsequent
titrations, indicating that the viscosity of the solution does not change
signiﬁcantly over the course of the titration. DPC behaved in a similar4.0
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Fig. 4. (A) A one-dimensional proton spectrum of the methyl-labeled AI5 peptide in
the presence of 1.5 mM SDS. The methyl signal from the lysine tags is located at
2.72 ppm, while the large resonances between 0.5–1.6 and at 3.88 ppm are due to
the detergent. (B) Results from a 1H PFG STE diffusion experiment for the same sample.
The slopes of the lines are equal to the diffusion coefﬁcients. As expected, the coefﬁ-
cient of water is larger than that of SDS, which in turn is larger than that of the AI5
peptide.
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coefﬁcient around its CMC at 1100 μM. Above the CMC, the diffusion
coefﬁcients decrease and approach the diffusion coefﬁcient of the
micelle in accordance with the classical model of micelle formation
[50,51].
3.3. Detergent diffusion in the presence of peptides
Detergent diffusion versus concentration measurements were
repeated in the presence of peptide, allowing the direct observation
of changes in peptide topology and structure coinciding with deter-
gent loading that may be observable through comparison to the diffu-
sion of the detergent in the absence of peptide. For the SDS titration,
we observed lower diffusion coefﬁcients of the detergent in the pres-
ence of either of the peptides compared to the control (Fig. 5A), with
this effect being most pronounced at detergent concentrations below
the CMC, where increased helix formation is observed by CD. Clearly,
the fraction of detergent bound to the peptides diffuses more slowly
than the detergent control, being associated with a larger structure.
At detergent concentrations above the CMC, any difference due to
the presence of the peptides gradually diminished until the SDS diffu-
sion coefﬁcient in the presence of peptides matched that of the
control.
In all experiments, the PFG diffusion signal decay proﬁle associated
with SDS indicated that all states of the detergent are in fast exchange
with one another on the diffusion time scale (i.e. of the order of
100 ms). Under such circumstances, the observed diffusion coefﬁcient
of a given detergent i, Dobsi , is a weighted average of the diffusion coefﬁ-
cients of the free detergentmonomer,Dmoni , free detergentmicelle,Dmici ,
and peptide bound, Dpepi , detergent populations as follows,
Diobs ¼ DimonXimon þ DimicXimic þ DipepXipep ð2Þ
where Xji, j=mon,mic, pep, are the respective detergent mole fractions.
The diffusion coefﬁcient of peptide-bound detergent is assumed to be
identical to that of the peptide itself (see below), while that of detergent
monomers is assumed to equal the value measured at very low deter-
gent concentrations, i.e., Ctotal≪Ccmc, as obtained from control experi-
ments in the absence of peptide. Likewise, the diffusion coefﬁcient of
freemicelles of SDSmay be approximated by the observed diffusion co-
efﬁcient at high detergent concentrations, where the concentration of
the detergentmonomer is negligible. Since∑Xji=1 there remain 2 un-
knowns, Xpepi and Xmici or Xmoni to be obtained from the single observable,
Dobs
i . To proceed, we assume that the non-peptide bound detergent,
whether monomer or micellar, adopts an average diffusion coefﬁcient,0.0
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DPC are at 1200 μM±80, and 1040±80 μM, for the AI5, and I12N peptides, respectively. InDfree
i , corresponding to that of the control in the absence of peptide
at the identical net concentration of non-peptide bound, i.e. free deter-
gent, the latter deﬁned as Cfree=Ctotal(1−Xpep). The observed detergent
diffusion coefﬁcient then becomes
Diobs ¼ Difree 1−Xipep
 
þ DipepXipep: ð3Þ
Given a particular value of Dpepi (see below), the best value of Xpepi is
obtained by iterative ﬁtting of Dfreei for a given Xpepi , as predicted from
the control experiments shown in Fig. 5, to the measured quantity
Dobs
i for constant Dpepi . The ratio of the concentration of peptide bound
detergent to the concentration of peptide then yields the number of
detergent molecules bound to the peptide, allowing construction of a
peptide binding isotherm. Before this can be evaluated, the diffusion
coefﬁcient of the peptide–detergent aggregate must be measured.
When monitoring DPC diffusion in the presence of peptides we
observed very different results from those obtained with SDS. In the
presence of the AI5 peptide, the diffusion of DPC decreased drastically
with increasing detergent loading levels. Furthermore, new detergent
resonances appeared in the NMR spectrum distinct from, and broader
than, those in the DPC control spectra. This suggests the presence
of multiple detergent states in slow exchange with one another.
The AI5 diffusion coefﬁcient at the endpoint was very low (3.9±
0.9×10−11m2 s−1), consistent with a multi-peptide complex. We
attribute these observations to the micro-precipitation of DPC–AI5
aggregates, preventing us from either measuring the bound detergent,
or making comparisons to SDS-binding for this peptide. The sample
eventually did exhibit visible precipitation after approximately one
month, whereas all other detergent:peptide combinations did not.
In contrast, diffusion of DPC in the presence of the I12N variant
changed only minimally below its CMC relative to the control. This
implies minimal binding of DPC monomers to the peptide. Above
the DPC CMC, where peptide helical structure is induced, the diffusion
data indicate only a marginally slower DPC diffusion, suggesting that
peptide helicity is induced by partitioning into DPC micelles, without
drastically altering micellar dimensions. This has also been observed
in other studies where the incorporation of different TM peptides
did not signiﬁcantly alter the size of phosphocholine detergent
micelles [52].
3.4. Peptide diffusion in the presence of detergents
During the titrations described above, there was initially no observ-
able methyl tag signal from the AI5 peptide at detergent concentrations0 1000 2000 3000
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Fig. 6. SDS saturation curves of the two peptides. The maximum numbers of SDS
molecules bound to the AI5 and the I12N peptides were 23.0±0.9, and 19.2±0.9,
respectively, which were deemed to be statistically different (pb0.05).
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tion was observed. The peptide methyl tag signal for AI5 was ﬁrst ob-
servable at 1250 μM SDS and, as shown in Fig. 5A, the diffusion
coefﬁcient of 3.7±0.1×10−11m2 s−1 at that SDS concentration gradu-
ally increased to a mean of 6.5±0.1×10−11m2 s−1 with increasing
SDS. For the I12N peptide, the methyl tag signal was readily observed
at SDS concentrations below 1000 μM. The I12N peptide diffusion coef-
ﬁcient of 1.2±0.7×10−10m2 s−1 at low SDS concentrations decreased
sharply and stabilized at a mean value of 6.3±0.2×10−11m2 s−1 with
increasing SDS. At the higher SDS concentrations examined, the AI5 and
I12N variant peptides exhibited similar diffusion coefﬁcients.
In Fig. 5A, the inﬂection points in the SDS versus helicity curves, as
observed using CD, are shown for comparative purposes. Particularly
for the I12N variant peptide, but also for AI5, the SDS concentration
at which one observes the induction of helicity coincides with the
maximum difference in the SDS diffusion coefﬁcient relative to the
control, and the decrease in the diffusion coefﬁcient of the peptide.
This coincidence infers that helix induction by SDS is caused by the
binding of SDS monomers at concentrations below the SDS CMC.
Diffusion of AI5 in the presence of DPC was difﬁcult to measure due
to suspectedmicro-precipitation of multi-peptide–DPC complexes and,
when possible to measure, was very slow (3.9±0.9×10−11m2 s−1).
For the case of the I12N variant, however, the methyl tag signals were
readily detected at all DPC concentrations. As shown in Fig. 5B, in the
presence of DPC the diffusion coefﬁcient of the I12N variant decreased
from an initial value of 1.4±0.1×10−10m2 s−1 to a value of 9.8±
0.7×10−11m2 s−1 at a DPC concentration above that at which helicity
is induced, i.e. above the DPC CMC. This is a similar value to that of the
diffusion coefﬁcient of DPC micelles, as well as DPC–TM segment
complexes observed in previous studies [52].
3.5. Detergent–peptide ratios in SDS–peptide complexes
Using Eq. (3), and given a particular value of Dpepi , the quantity
Xpep
i and, hence, the detergent/peptide binding ratio, may be calcu-
lated from the diffusion data. As shown in Fig. 6, a saturation be-
havior is manifest, with 23.0±0.9 SDS molecules binding per AI5
peptide. For the I12N variant, the analysis was possible over a wide
range of concentrations. Here, there was a general increase in
numbers of SDS molecules bound, from roughly 8 to on the order of
19 SDS per peptide, as the SDS concentration increased to saturation.
The differing saturation levels of 19.2±0.9 and 23.0±0.9 SDS bound
per peptide for the I12N and AI5, respectively, likely reﬂect the
presence of the polar amino acid in the middle of the I12N sequence
which would disrupt the stretch of hydrophobic amino acids.
We were not able to extend this type of analysis to the DPC titra-
tion as the AI5 peptide signal was extremely low, allowing the diffu-
sion coefﬁcient to be recorded only for a couple of points, while in the
case of the I12N variant the DPC diffusion coefﬁcient was so similar to
the control that obtaining a meaningful estimate of detergent bound
was not possible.
4. Discussion
Our observations point to distinct interaction mechanisms between
TM peptides and either SDS or DPC. This has direct consequences to
classically accepted ideas regarding the denaturing tendency of SDS
relative to DPC, upon interaction with either water-soluble or mem-
brane proteins. Speciﬁcally, SDS can bind peptides both via electrostatic
attraction to cationic amino acid residues and via hydrophobic attrac-
tion to non-polar residues. Below its CMC, mutual electrostatic repul-
sion between anionic SDS and electrostatic attraction to cationic sites
on the peptide combine to favor SDS–peptide binding over SDS micelle
formation. The initial electrostatic binding leads to overall charge
neutralization of the SDS–peptide complex and, hence, colloidal in-
stability as observed in both the CD and NMR diffusion titrationexperiments. Electrostatically-bound SDS provides, however, a hydro-
phobic site for further SDS bindingwith a signiﬁcantly lower electrostatic
energy cost relative to SDS–SDS interactions. Any such, further binding
then yields a net anionic electrostatic charge on the SDS–peptide
complex and reintroduces colloidal stability and resolubilization. With
further accretion of SDS monomers, the hydrophobicity of the environ-
ment experienced by the peptide is sufﬁcient to induce helicity. Thus,
the combination of electrostatic and hydrophobic attraction permits
SDS to bind to the peptides and induce helicity even well below the
SDS CMC. We note that ﬂanking positively-charged residues on the
peptides studied here, and which appear to be essential to the strength
of the SDS interaction, is a common feature among alpha-helical trans-
membrane proteins [53].
While both SDS and DPC contain identical 12-carbon acyl chains,
DPC is electrostatically neutral. Thus, DPC has neither any speciﬁc
electrostatic attraction to these peptides nor any electrostatic repul-
sion disfavoring micellization, a fact reﬂected in its lower CMC rela-
tive to SDS. Hence, the dominant interaction between DPC and the
peptide is hydrophobic in nature so that, from a purely statistical
perspective, DPC–DPC hydrophobic interactions will be favored.
Thus, DPC micellization occurs prior to signiﬁcant DPC–peptide inter-
actions. This ﬁnding supports earlier CD and SDS PAGE studies of
the outer membrane protein OmpA, in which protein folding was
observed to take place only under detergent concentrations where
micelles were preformed [54].
Although SDS is considered denaturing toward larger membrane
proteins, monodispersity and relatively small micelle size make
both SDS and DPC ideal candidates for the acquisition of structure of
small membrane protein fragments by NMR. We observe here that
peptide folding pathways in the presence of these detergents differ
drastically. While SDS appears to induce folding by detergent mono-
mers that bind via both hydrophobic and electrostatic interactions,
peptide folding by DPC occurs upon partitioning into micelles.
Although both detergents may ultimately produce similar structures
under fully saturating conditions, care must be taken to ensure that
these saturating conditions are met. Furthermore, the combination
of hydrophobic and electrostatic interactions allows for stronger
binding of SDS to proteins and may be implicated in the denaturation
of extramembranous regions, which would not be otherwise fully
inserted into detergent micelles.
While our overriding interest involves the process of membrane
protein folding in physiological membranes, the above studies with
detergents underlie their potential to discriminate membrane pep-
tides and the insertion and folding process. Detergents establish
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sizes are readily amenable to solution NMR spectroscopy and NMR-
based diffusion measurements. With a judicious design of the mem-
brane peptide (and lysine methyl tagging) it is also possible to
discriminate both peptide and detergent over a very wide range of
detergent loading levels, and effectively study “folding” and insertion
as a function of detergent concentration. Clearly, this approach would
not be possible with lipids, which is not to say that any study of
membrane proteins in detergents is invalid. Although signiﬁcant
differences exist between lipid bilayers and detergent micelles,
some subset of membrane protein folding is largely dependent upon
characteristics common to both environments, namely the low di-
electric constant and presence of methyl and ethyl chemical groups.
There are many examples of membrane protein studies using deter-
gents in which structural and topological properties could be related
to those in cell membranes. For example, NMR studies of PagP, stabi-
lized in DPC micelles produced an estimate of tilt of the barrel axis
of the protein in membranes, based solely on detergent surface cover-
age of the hydrophobic regions of the membrane protein [55]. Simi-
larly, SDS PAGE gel shift migration assays directly relate migration
distance to the detergent binding (and resulting detergent-induced
conformation) of membrane peptides, which give us an idea of
some aspects of topology and the inﬂuence of mutants on membrane
protein integrity [56].
Technique-wise, NMR provides an excellent alternative to evaluate
changes in size in comparison to SDS PAGE as it does not have the
requirement for use only with anionic detergents, nor is size estimation
affected by the charge to mass ratio, thus providing better absolute
comparisons. This is a signiﬁcant advantage sincemany of the less dena-
turing detergents are zwitterionic. The PFG NMR diffusion technique
also allows for the separate monitoring of the detergent and peptide,
thereby allowing for a highly sensitive measurement of the amount of
detergent bound. The accuracy of this measurement requires a signiﬁ-
cant difference in the diffusion of detergents in the presence and
absence of peptide, whereas correlation between detergent binding
and induction of helical structure would additionally require a tech-
nique such as CD spectroscopy. NMRbasedmeasurements of diffusional
mobility are also advantageous in that diffusional anisotropy and
thus, aggregate shape can be determined, assuming that the NMR spec-
trometer is equipped with appropriate apparatus.
Our overall ﬁndings demonstrate that a polar residue within a
transmembrane segment has a drastic effect on its local environment,
in this case within a detergent micelle. By using PFG NMR we are able
to assess differences in the amount of detergent bound in the
presence versus the absence of such a polar residue. While there is
a loss of only ~4 detergent molecules upon inclusion of a single
polar residue, this represents a decrease of ~20% of total detergent
bound. The loss of associated detergent molecules represents a corre-
sponding loss in hydrophobic surface area. Similar perturbations
would be expected in membrane bilayers where mutation from
non-polar to polar residues in TM domains is a common occurrence
in disease states. Being able to assess the biophysical sequelae of
such mutations will ultimately be necessary for the rational design
of new therapies.Acknowledgements
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